To test the hypothesis that hypoglycemia unawareness is largely secondary to recurrent therapeutic hypoglycemia in IDDM, we assessed neuroendocrine and symptom responses and cognitive function in 8 patients with short-term IDDM (7 yr) and hypoglycemia unawareness. Patients were assessed during a stepped hypoglycemic clamp, before and after 2 wk and 3 mo of meticulous prevention of hypoglycemia, which resulted in a decreased frequency of hypoglycemia (0.49 ± 0.05 to 0.045 ± 0.03 episodes/patient-day) and an increase in HbA 1e (5.8 ± 0.3 to 6.9 ± 0.2%) (P < 0.05). We also studied 12 nondiabetic volunteer subjects. At baseline, lower than normal symptom and neuroendocrine responses occurred at lower than normal plasma glucose, and cognitive function deteriorated only marginally during hypoglycemia. After 2 wk of hypoglycemia prevention, the magnitude of symptom and neuroendocrine responses (with the exception of glucagon and norepinephrine) nearly normalized, and cognitive function deteriorated at the same glycemic threshold and to the same extent as in nondiabetic volunteer subjects. At 3 mo, the glycemic thresholds of symptom and neuroendocrine responses normalized, and surprisingly, some of the responses of glucagon recovered. We concluded that hypoglycemia unawareness in IDDM is largely reversible and that intensive insulin therapy and a program of intensive education may substantially prevent hypoglycemia and at the same time maintain the glycemic targets of intensive insulin therapy, at least in patients with IDDM of short duration.
H ypoglycemia unawareness, i.e., the loss of autonomic warning symptoms to impending hypoglycemia (1), is a major risk factor for severe hypoglycemia in IDDM (1, 2) . Autonomic neuropathy (3), long duration of diabetes (4) , and strict glycemic control (5) , have all been associated with hypoglycemia unawareness. However, its pathogenesis remains unknown (1) .
Recently, it has been shown that antecedent hypoglycemia reduces the counterregulatory and symptom responses to hypoglycemia (6) (7) (8) and protects cognitive function during subsequent hypoglycemia in nondiabetic subjects (9) , patients with IDDM (10, 11) , and patients with insulinoma (12, 13) . In the latter patients, curing hypoglycemia by surgically removing the pancreatic adenoma normalizes hormone and symptom responses (12, 13) and cognitive function during hypoglycemia (13) . This observation not only indicates that antecedent, recurrent hypoglycemia may induce hypoglycemia unawareness, but also that normal or near-normal counterregulatory hormone and symptom responses to hypoglycemia may be regenerated as long as hypoglycemia is prevented, as recently postulated (14, 15) . However, this hypothesis (14) has never been tested on clinical grounds in IDDM patients with hypoglycemia unawareness.
These studies were undertaken to test the hypothesis (14) that the syndrome of hypoglycemia unawareness in IDDM is largely iatrogenic, i.e., secondary to recurrent therapeutic hypoglycemia (14) . Whether successful prevention of hypoglycemia in the everyday life of IDDM patients reverses hypoglycemia unawareness was assessed. Therefore, symptom and counterregulatory responses to hypoglycemia and cognitive function during hypoglycemia were assessed before and after meticulous prevention of hypoglycemia in a group of patients with short-term IDDM (7 yr) and hypoglycemia unawareness.
RESEARCH DESIGN AND METHODS
Institutional Review Board approval was obtained for these studies. Informed consent was given by 12 age-, sex-, and BMI-matched nondiabetic volunteer subjects and 8 IDDM patients: 4 men and 4 women; 26 ± 2 yr of age (22-36 yr); BMI of 22 ± 0.7 kg/m 2 ; diabetes duration for 5.0 ± 0.6 yr (4-7 yr); HbA 1c of 5.8 ± 0.3% (5.1-7.3%); and estimated duration of hypoglycemia unawareness of 1.2 ± 0.3 yr (0.5-2 yr). The studies in IDDM patients and nondiabetic volunteer subjects were concurrent. The diabetic patients were recruited from those referred to the inpatient and/or outpatient units of the Department of Internal Medicine and Endocrine and Metabolic Sciences, University of Perugia, based on the following criteria: 1) short duration of IDDM (<7 yr); 2) treatment with intensive insulin therapy and a consistent history of frequent hypoglycemia, i.e., capillary blood glucose concentrations <3 mM measured by reflectometer-read chemistrips in the absence of warning symptoms (autonomic, described below) for at least 6 mo before the study; and 3) absence of clinically overt autonomic neuropathy, as judged by a standard battery of cardiovascular tests (16) . All patients were on 3 or 4 daily injections of insulin strictly aimed at normoglycemia. Two patients had suffered severe hypoglycemia (coma or need for external assistance) at least once during the year before the study. At the time of the study, all diabetic patients were free of any detectable diabetic complications. They had no other disease apart from diabetes and were not taking any drugs other than insulin.
After a 2-wk run-in*period during which the diabetic patients kept constant the model of insulin treatment, glycemic targets, diet, and lifestyle, and continued home blood glucose monitoring (before each main meal and at bedtime), the neuroendocrine and symptom responses and cognitive function were examined during a stepped hypoglycemic clamp (baseline examination). Afterward, in the patients who initially were on 3 daily insulin injections, the model of insulin treatment was changed into regular insulin at breakfast, lunch, and supper and intermediate-acting insulin (NPH) at 2300-2330. The diet was also changed to 3 daily main meals with no snacks. The decided doses of insulin were based on the capillary blood glucose concentration read by a reflectometer, always determined before each insulin injection. The patients received daily counseling by telephone with two of us (C.G.F. and G.B.B.). To prevent hypoglycemia, the doses of insulin were aimed at fasting, preprandial, and bedtime blood glucose measurements of -7.2-8.3 mM. The patients were restudied after 2 wk and 3 mo of such a therapeutic strategy. All patients were asked to measure and record capillary blood glucose concentrations (reflectometer) at least 4 times/day, i.e., before each insulin injection.
Stepped hyperinsulinemic-hypoglycemic clamp. To quantify thresholds and magnitude of responses of counterregulatory hormones, and symptoms and deterioration of cognitive function, the stepped hyperinsulinemic-hypoglycemic clamp was used as described previously (17) , with minor modifications. In brief, the diabetic patients were admitted to the Clinical Research Center of the Department of Internal Medicine and Endocrine and Metabolic Sciences, University of Perugia the night before the study between 2100 and 2130. The diabetic patients had been withdrawn from their long-acting insulin for 48 h and given injections of regular insulin at each meal, at bedtime, and at 0300. On the night before the study, normoglycemia was maintained in the diabetic patients by an intravenous infusion of insulin into a superficial vein of the left arm above the elbow as described previously (18) . Nondiabetic volunteer subjects were admitted on the morning of the studies. All subjects were in the fasting state (12 h). Between 0700 and 0730, a hand vein of the left arm was cannulated retrogradely and maintained in a plexiglass thermoregulated box (65°C) for sampling of arterialized venous blood. After a 60-min equilibration period, infusion of insulin was started (1 mU • kg" 1 • min~1 for 270 min followed by 2 mU • kg" 1 • min" 1 for an additional 90 min). Plasma glucose was clamped by variable glucose infusion at sequential target glucose concentrations of 4.3, 3.6, 3.0, and 2.3 mM, based on plasma glucose concentration measured every 5 min. Each of these steps lasted 90 min. The first 45 min were used to reach the desired plateau plasma glucose concentration and the last 45 min to maintain it in steady state. Arterialized venous blood samples were drawn every 15-30 min for determination of plasma free insulin, growth hormone, glucagon, cortisol, adrenaline, noradrenaline, and pancreatic polypeptide.
A semiquantitative symptom questionnaire was compiled every 15 min. Subjects scored from 0 (none) to 5 (severe) for each of the following symptoms: dizziness, tingling, blurred vision, difficulty in thinking, faintness, anxiety, palpitations, hunger, sweating, irritability, or tremor. In accordance with previous classifications (17), the first 5 symptoms were considered neuroglycopenic and the last 6 autonomic. The sum of each of these constituted the symptom score. In addition, at baseline and during each plateau the following standard cognitive tests were compiled: trail-making part B, verbal fluency, interference subtest from the Stroop test, simple and choice visual reaction time, word and color subtest from the Stroop test, digit vigilance test, trail-making part A, verbal memory test, and forward and backward digit span, as described previously (17) . The evening before the study, subjects extensively practiced each test. For the actual study, six alternate forms were prepared. Diabetic patients, nondiabetic volunteer subjects, and the person who administered the symptom and cognitive tests were all blinded to the experimental conditions. Analytical methods. Plasma glucose was measured using a Beckman Glucose Analyzer (Palo Alto, CA). Plasma insulin, growth hormone, cortisol, adrenaline, noradrenaline (19) , and pancreatic polypeptide (20) were measured by assays described previously. To remove antibody-bound insulin in IDDM patients, plasma was mixed with an equal volume of 30% polyethylene glycol immediately after blood collection (18) . Plasma glucagon was measured by RIA using a commercially available kit (ICN Biomedical, Costa Mesa, CA). HbA 1c was determined by an HPLC method (range in nondiabetic subjects of 3.8-5.5%). Statistical methods. Glycemic thresholds for a given parameter were defined as the plasma glucose concentration at which the parameter first exceeded the 95% Cl observed for changes in that parameter at the corresponding time point in normoglycemic control experiments as reported previously (4, 13) . Euglycemic control experiments were performed in all 12 volunteer subjects. Because in 5 IDDM patients the euglycemic control experiments did not yield results different from those of nondiabetic volunteer subjects, the data collected in the latter were used to calculate glycemic thresholds in IDDM patients (C.G.F., unpublished observations). Data are given as means ± SE. Because of the differences in units of treatment, results of cognitive tests were transformed to Z scores (individual values minus means divided by SD) (21) to permit their summation to obtain one unitless value for evaluation (17) . A commercially available software package (CSS, Stasoft, Tulsa, OK) was used for statistical analysis. The differences among the groups were analyzed using either ANOVA followed by the least significant different test (22) or the x 2 test (21).
RESULTS

Frequency of hypoglycemia and percentage HbA 1c .
After initiation of the therapeutic program, the frequency of hypoglycemia decreased from 0.49 ± 0.05 episodes/ patient-day at baseline to 0.05 ± 0.004 episodes/patient-day at 2 wk, and to 0.04 ± 0.03 episodes/patientday at 3 mo (P< 0.05). Severe hypoglycemia (coma, seizures, or need for external assistance) never occurred over the 3-mo period of meticulous prevention of hypoglycemia. HbA 1c increased from 5.8 ± 0.3% at baseline to 6.9 ± 0.2% at 3 mo (P < 0.05).
Stepped hyperinsulinemic-hypoglycemic clamp. After insulin infusion, plasma insulin concentration increased to similar values in IDDM patients and nondiabetic volunteer subjects. In IDDM patients, plasma glucose concentration was 4.78 ±0.15 mM at baseline, 4.38 ± 0.07 mM between 45 and 90 min, 3.58 ± 0.05 mM between 135 and 180 min, 3 ± 0.06 mM between 225 and 270 min, and 2.33 ± 0.1 mM between 315 and 360 min. Plasma glucose concentrations of nondiabetic volunteer subjects were superimposable to those of IDDM patients (Fig. 1) . Plasma insulin and glucose concentrations in the stepped hypoglycemic clamps repeated after 2 wk and 3 mo did not differ from those of the clamp at baseline.
At baseline, the neuroendocrine and symptom responses in IDDM patients were all reduced compared with nondiabetic volunteer subjects (Figs. 2 and 3) , both in terms of glycemic thresholds and magnitude of responses (Table 1) . However, after 2 wk of meticulous prevention of hypoglycemia, the magnitude of responses of symptoms increased (autonomic symptoms by -100%, neuroglycopenic symptoms by -40%). At 3 mo, not only the magnitude of responses, but also glycemic thresholds were no longer different from those of nondiabetic volunteer subjects (Table 1 ). The response of plasma adrenaline improved at 2 wk (increase in magnitude of -50%). At 3 mo, the magnitude of response increased further, although it was still lower than in nondiabetic volunteer subjects, whereas the glycemic thresholds normalized. The glycemic threshold of responses of plasma noradrenaline was blunted in IDDM patients studied at baseline (2.34 ±0.1 mM vs. 3.06 ± 0.05 nM in IDDM patients and nondiabetic volunteer subjects, respectively, P < 0.05) and did not improve after 2 wk or after 3 mo. However, the magnitude of noradrenaline responses in IDDM patients at baseline (1.65 ±0.17 nM) were no different compared with nondiabetic volunteer subjects (1.85 ± 0.15 nM) (NS). Baseline plasma glucagon was lower in IDDM patients compared with nondiabetic volunteer subjects and did not respond to hypoglycemia (Fig. 2) . Glucagon did not improve after 2 wk of meticulous prevention of hypoglycemia. However, after 3 mo, an increase in glucagon response to hypoglycemia occurred (Fig. 2) , although the threshold was higher than normal and the magnitude was considerably lower than normal ( Table 1 ). The responses of pancreatic polypeptide improved after 2 wk of meticulous prevention of hypoglycemia, both in terms of threshold and magnitude, and were normal at 3 mo ( Table 2) mone and cortisol normalized after 2 wk of meticulous prevention of hypoglycemia. After 3 mo, the glycemic thresholds of responses of both growth hormone and cortisol also were normal (Table 2) . Cognitive function (Table 2) in IDDM at baseline deteriorated at a lower plasma glucose concentration (2.39 ± 0.06 mM) than in nondiabetic volunteers (2.78 ± 0.06 mM, P<0.05). Also, the magnitude of deterioration during the last hypoglycemic step of the clamp was lower at baseline in IDDM than in nondiabetic volunteers. However, after 2 wk of meticulous prevention of hypoglycemia, cognitive function in response to hypoglycemia deteriorated in IDDM patients at the same glycemic threshold and to the same extent as nondiabetic volunteers. This result was maintained at 3 mo.
The mean rate of glucose infusion needed to maintain plasma glucose concentrations at the plateaus of -3.0 and ~2.3 mM during the last two steps of the clamp was greater in IDDM patients at baseline (30.1 ± 2.88 u.mol • kg" 1 • min~1) compared with nondiabetic volunteers (21.4 ± 2.22 jjimol • kg" 1 • min" 1 ) (P < 0.05). However, the rate of glucose infusion decreased to 28 ± 1. kg" 1 • min" 1 after 3 mo of meticulous prevention of hypoglycemia (P< 0.05 vs. baseline), although it was still greater than in the nondiabetic volunteers (P < 0.05).
DISCUSSION
This study confirms that recurrent hypoglycemia, a drawback of intensive insulin therapy (22) , is associated with high glycemic thresholds of neuroendocrine and symptom responses to hypoglycemia and protection of cognitive function during hypoglycemia in IDDM, as reported previously (4, 5) . However, these studies demonstrate that a therapeutic program directed primarily at meticulous prevention of hypoglycemia in the everyday life of patients with IDDM nearly normalized the magnitude of neuroendocrine and symptom responses and induced cognitive dysfunction during hypoglycemia within 2 wk, with the exception of the responses of glucagon and noradrenaline, which remained suppressed. Note also that, at 3 mo, glycemic thresholds of neuroendocrine and symptom responses normalized and the response of glucagon improved, but not noradrenaline. Although more than one mechanism probably is involved in the pathogenesis of hypoglycemia unawareness (1), the results of these studies in patients with IDDM of relatively short duration (7 yr), free of classical autonomic neuropathy, strongly support the hypothesis that hypoglycemia unawareness is largely secondary to recurrent therapeu- Data are means ± SE; n = 8 IDDM patients and 12 nondiabetic volunteer subjetcs. *P < 0.05 IDDM patients vs. nondiabetic volunteer subjects. t P < 0.05 IDDM vs. baseline study.
tic hypoglycemia (14) . In addition, the results are consistent with the observation in insulinoma patients (12, 13) that cure of hypoglycemia normalizes neuroendocrine and symptom responses as well as cognitive dysfunction during hypoglycemia. In these studies, the fact that meticulous prevention of hypoglycemia largely, if not fully, recovered neuroendocrine and symptom responses within a few days and cognitive dysfunction during hypoglycemia, militates in favor of an effect on brain glucose transport by antecedent blood glucose concentration, as demonstrated in rats (23) and more recently in humans (24) . A surprising finding in this study was the improved response of glucagon after 3 mo of meticulous prevention of hypoglycemia. To the best of our knowledge, this is the first observation of a recovery, albeit small, of responses of glucagon to hypoglycemia in IDDM. Because the improved glucagon response occurred under conditions of supraphysiological hyperinsulinemia (-1000 pM), which suppresses the glucagon response to hypoglycemia (25, 26) , it is likely that greater glucagon responses might have been observed if the lower plasma insulin concentrations of the everyday life of IDDM patients (-70-300 pM) were used in these studies to induce hypoglycemia. Although the overall glucagon increase was quantitatively small, the fact that, in these studies, prevention of hypoglycemia was able to regenerate some of the glucagon response to hypoglycemia is conceptually important. It indicates that a functional mechanism, either neural and sensitive to changes in the brain glucose transport or sensitive to changes in the pancreatic A-cell itself, modulates the responses of glu- cagon to hypoglycemia in IDDM, as it does in nondiabetic subjects (7, 11) . However, the fact that in these studies, the responses of pancreatic polypeptide were normalized and those of adrenaline near normalized, whereas those of glucagon were still largely abnormal after meticulous prevention of hypoglycemia, is consistent with the concept of an intrinsic A-cell defect in the pancreatic islets of IDDM (27) . The A-cell defect develops early in the course of diabetes (28), whereas the secretion of the other counterregulatory hormones appears to be nearly intact, at least in IDDM of short duration. In these studies, no specific test (11) was conducted to demonstrate improved defenses against hypoglycemia by the recovered counterregulatory hormone responses. However, the fact that the amount of exogenous glucose infused during the last two steps of the hypoglycemic clamp was lower after 2 wk and 3 mo compared with baseline indicates that the defenses against hypoglycemia by the improved counterregulatory hormone response were more efficient after meticulous prevention of hypoglycemia.
This study also indicates that an intensive therapeutic program involving primarily education of the IDDM patients and frequent contact in person or by telephone successfully reduces the frequency of hypoglycemia to a minimum (-0.04 episodes/patient-day), without drifting blood glucose control into the opposite condition of sustained hyperglycemia. This is indicated in our study by a moderate increase in HbA 1c from 5.8 ± 0.3 to 6.9 ± 0.2% in which an HPLC assay was used with an upper limit of percentage HbA 1c in nondiabetic subjects of 5.5. Note that the mean percentage HbA-| C reported for the experimental group on intensive insulin therapy in the DCCT is -7.0%, with an HPLC assay with an upper limit of 6.1% in nondiabetic subjects (ADA Annual Meeting Las Vegas, June 1993). Thus, the fact that in our study the percentage HbA 1c after prevention of hypoglycemia is only slightly greater than that of the DCCT suggests that in our studies the strategy of prevention of hypoglycemia resulted in a mean blood glucose hopefully protecting against the onset and/or progression of microvascular complications.
Several questions remain open. Will meticulous prevention of hypoglycemia in patients with long-term IDDM, free of classical autonomic neuropathy, be as successful as in patients with relatively short duration of IDDM? Will patients with classical autonomic neuropathy benefit? Finally, what risk is there that HbA 1c will increase excessively over a long term when using meticulous prevention of hypoglycemia as the primary goal rather than using a target of blood glucose near normoglycemia? Clearly, additional studies are needed to answer these questions.
